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Introduction

The Czochralski (Cz) crystal growth method delivers about 95% of the mono-crystalline silicon production worldwide. Due to the melt temperature of more than 1420 °C and the highly corrosive impact of liquid silicon on most materials, any contactless method for flow determination would be highly attractive and welcome. Especially the poloidal flow structure below the meniscus in the melt plays a key role for the quality of the crystal since it controls the temperature gradient and mass transport. The flow structure, in turn, is governed by the temperature gradient and the differential rotation of crucible and crystal. For stabilizing the flow, external magnetic fields are frequently used [1]. One promising candidate for flow determination is the contactless inductive flow tomography (CIFT) [2,3,4] which is able to reconstruct the mean three-dimensional flow structure in liquid metals. By applying primary magnetic fields to the melt and by measuring the flow induced magnetic field perturbation outside the fluid volume the flow is inferred from solving a linear inverse problem. Appropriate regularization methods are necessary in order to mitigate the nonuniqueness problem. Challenges for applying CIFT to Cz crystal growth arise from the weak poloidal flow velocity which is only in the order of a few cm/s, and from the relatively large distance of the sensors to the melt of about 20 cm, because the sensors have to be placed outside of the puller due to the high temperature of about 1500 °C inside. These conditions cause a high ratio between the applied magnetic field and the measurable induced field and demand a magnetic field measurement technique with a dynamic range of at least 5 orders of magnitude. Motivated by some preliminary test measurements at real industrial pullers, we would like to investigate in more detail the applicability of CIFT for determining small velocities as those occurring in thermal convection. In the first instance, we omitted to generate any rotation of the setup and focused on a modified Rayleigh-Bénard (RB) configuration which had already been used to study the effect of local temperature gradients [5]. The goal of this first experiment was to check whether the small induced magnetic fields are detectable at all. Beside the low velocities longer measurement times of more than 4 hours have to be considered as difficult because the environmental field might also change during that time. In our test case, we used one magnetic field applied in vertical direction which allows for identifying the position of the wind within the fluid container, a flow pattern that is typical for this kind of RB flow. The deployment of more applied fields for a full three-dimensional reconstruction of the flow is left for further investigations.

Contactless inductive flow tomography

CIFT relies on the following integral equation system which provides the flow induced magnetic field 𝑏 ⃗ outside the fluid volume 𝑉 for an applied magnetic field 𝐵 ⃗ 0 under the assumption of insulating boundaries [2,3]:

𝑏 ⃗ (𝑟 ) = 𝜎𝜇 0 4𝜋 ∭ [𝑣 (𝑟 ′ ) × 𝐵 ⃗ 0 (𝑟 ′ )] × (𝑟 -𝑟 ′ ) |𝑟 -𝑟 ′| 3 𝑉 𝑑𝑉 ′ - 𝜎𝜇 0 4𝜋 ∯ 𝜑(𝑠 ′ )𝑛 ⃗ (𝑠 ′ ) × (𝑟 -𝑠 ′ ) |𝑟 -𝑠 ′| 3 𝑆 𝑑𝑆 ′ (1) 
𝜑(𝑠 ) = 1 2𝜋 ∭ [𝑣 (𝑟 ′ ) × 𝐵 ⃗ 0 (𝑟 ′ )] • (𝑠 -𝑟 ′ ) |𝑠 -𝑟 ′| 3 𝑉 𝑑𝑉 ′ - 1 2𝜋 ∯ 𝜑(𝑠 ′ )𝑛 ⃗ (𝑠 ′ ) • (𝑠 -𝑠 ′ ) |𝑠 -𝑠 ′| 3 𝑆 𝑑𝑆 ′ (2) 
In this equation system 𝜑 denotes the potential and 𝑣 denotes the velocity of the liquid metal which is assumed to have uniform conductivity 𝜎 in the volume 𝑉 with the surface 𝑆. In the volume integrals, 𝑑𝑉 ′ denotes the volume element and 𝑟 ′ the position vector in the volume. In the surface integrals, 𝑑𝑆 ′ denotes a surface element and 𝑛 ⃗ (𝑠 ′) represents the normal vector of the surface at position 𝑠 ′.

In order to reconstruct the velocity field 𝑣 in the volume 𝑉 this integral equation system has to be inverted. The intrinsic non-uniqueness problem of the emerging linear inverse problem, which mainly concerns the detailed depth-dependence of the velocity, is circumvented by utilizing the so-called Tikhonov regularization [3,6].

The main challenge of CIFT is the reliable measurement of the induced magnetic field which is typically 2 to 5 orders smaller than the applied magnetic field. Therefore, a very stable current source for generating the excitation magnetic field and magnetic field sensors with a high dynamic range and a very linear response are needed.

Experimental setup

The setup consists of a cylindrical column of aspect ratio 1 filled with GaInSn which is homogeneously heated from below through a copper plate (Fig. 1). In order to emulate the growing crystal of a Czochralski system, only partial cooling of the top is realized by means of a circular heat exchanger mounted concentrically within the upper lid. This partial cooling covers approximately the same relative area as the growing crystal in a real puller. Both heat exchangers (heater and cooler) are made of copper with branched channels to minimize remaining temperature gradients. PIDcontrolled thermostats with a large reservoir were used to supply both the top heat exchanger and the bottom plate with a coolant/heating fluid at high flow rate. 

Preliminary results

Before the experiment, we had simulated the typical flow structure in this setup for a temperature difference of 40 K using OpenFoam, and calculated the induced magnetic field outside the vessel assuming a homogeneously applied vertical magnetic field of 3 mT, as seen in Fig. 2. A mean velocity of about 2 cm/s was predicted. The flow induced magnetic field 𝑏 𝑟 was calculated at r = 75 mm, which corresponds to the chosen positions of the magnetic field sensors. The induced magnetic field there is expected to be in the range of 100 nT which is about 5 orders of magnitude smaller than the applied magnetic field. Therefore, we concentrated on reliable magnetic field measurement with vertical excitation magnetic field. For this configuration it is supposed that the angle of the wind can be easily identified. The maximum of the induced magnetic field over the azimuth corresponds to the position of the wind (see Fig. 2). Once the safe measurement of the induced magnetic field is guaranteed, we can later add a horizontal magnetic field for a full three dimensional flow reconstruction. We conducted our experiments during the night in order to avoid magnetic field changes generated by any moving ferromagnetic parts or switching currents in the experimental hall. With this precaution we were able to measure the magnetic field over 8 hours with a drift of about 20 nT. In a first test setup we had observed magnetic field changes in the order of 800 nT resulting simply from ambient temperature changes in the experimental hall occurring between evening and midnight. These changes result from the temperature expansion of the experiment which modifies the relative position and alignment of the excitation coils and the magnetic fields sensors. Therefore, we used copper for the mounting frame of the excitation coils, and cooled the excitation coils in order to maintain a constant temperature during the experiment. For mounting of the magnetic field sensors we tried a variety of different constructions made of PVC, copper, and Macor ceramics. Due to the very small temperature expansion coefficient of Macor we fixed the sensors on a Macor plate using brass screws, and mounted the plate on the coils. Additionally, we replaced all ferromagnetic parts in the experiment by parts made of stainless steel, brass or copper. Ultimately, all these arrangements allowed us to measure the flow induced magnetic field over about 12 hours. Fig. 3 illustrates a typical measurement using a temperature gradient of 30 K. From the 20 magnetic field sensors we selected 4 sensors at positions which are shifted by 90°. In Fig. 3(a) it can be clearly seen that the magnetic field rises after generating the temperature gradient (marked by the black arrow), and is maintained until the temperature gradient approaches zero again (marked by the grey arrow). At the end of the experiments, all 4 sensors return approximately to zero, with an offset between 20 and 40 nT. In the long period when the temperature gradient is switched on, several transitions between different flow regimes can be detected. Comparing the magnetic field data with the temperature measurement in the melt near the top gives a good correlation, as shown in Fig. 3(b). For instance, in all periods, when sensors 3 and 13 show a strong signal, we also see strong fluctuations in the temperature measurement. This can be attributed to different positions of the large convection roll (wind) within the cylindrical melt volume (see also Fig. 2). Another important feature of such kind of RB configuration is the existence of long-wave oscillations of both the temperature and the flow pattern. Analysing the temperature measurements in the flow, as depicted in Figure 3(b), we get a typical frequency of 0.052 Hz. The same frequency is present also in the magnetic field data which confirms that the recorded signals are generated by the flow. 

Conclusions

In this paper, we have demonstrated the measurement of the flow induced magnetic field in a modified Rayleigh-Bénard (RB) configuration with maximum velocities in the order of 2 cm/s. Taking into account the thermal expansion of the setup during the measurements, experiments over 12 hours during night time are possible with a magnetic field drift of about 20 nT. Using 20 magnetic field sensors over the azimuth at one height, the position of the wind can be detected robustly over time. The comparison of the magnetic field measurements with temperature measurements in the liquid gives a good correlation. Moreover, recurring long-wave changes of the flow pattern can be detected by the magnetic field measurements. The next step will be the comparison of the magnetic field measurements with Ultrasound Doppler Velocimety measurements, in order to validate the position and the velocity of the wind. Additionally, we will reduce the temperature gradient for estimating the lowest velocity which can be detected with CIFT. After that, we will develop a new setup for deploying a second applied magnetic field to enable a full three-dimensional reconstruction of the flow.

During the preparation for the presented experiments, it turned out that even measurements over the weekend (72 hours) are possible. This enables long time measurements to investigate long term oscillations of the liquid metal. Therefore, CIFT complements nicely Ultrasound Doppler Velocimetry measurements which are usually restricted to approximately 2 hours measurements time due to the sedimentation of scattering particles. Hence, a remixing of the fluid is required in order to allow further measurements. However, such a remixing disturbs the actual flow structure.
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 1 Fig. 1: Schematic sketch and photos of the modified Rayleigh-Bénard configuration.

Fig. 2 :

 2 Fig. 2: Flow induced magnetic field b r at r = 75 mm as computed from a CFD simulation of the velocity field for a temperature difference between the top and the bottom of 40 K.

Fig. 3 :

 3 Fig. 3: A typical experiment with a temperature gradient of 32 K: magnetic fields at 4 selected positions (a), and temperature in the fluid close to the top of the container (b).
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